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Improved theory of laser-enhanced ionization in flames: Comparison 
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An improved theory for laser enhanced ionization in flames has been developed for one- and two-
step laser excitations. The model gives an analytical expression for the sensitivity of the method 
for a given transition of any element. The theoretical expression is compared with experimentally 
measured signals for a number of elements and the agreement is found to be generally good. 
PACS numbers: 35.80. + s, 82.40.Py, 33.80.Eh, 32.80.Fh 
I. INTRODUCTION 
Optogalvanic spectroscopy (OGS) or laser enhanced 
ionization (LEI) is a sensitive technique for the detection of 
optical transitions in atoms and molecules. [-7 The basic con-
cept is that atoms in a flame (or discharge) are excited by 
laser irradiation to higher energy levels, from which they are 
more easily ionized. The increase of the ionization rate 
causes a charge increase, which is then measured by apply-
ing a voltage over the region of interaction, i.e., signals are 
monitored nonoptically. Optogalvanic signals have been ob-
served for a wide range of elements studied in flames and 
discharges. 8-[ [ 
Optogalvanic spectroscopy has recently been devel-
oped into a powerful technique for trace element analysis in 
flames. Many elements have been investigated with this 
technique using both one- and two-step laser excitation. [2 
Detection limits of sub-part per billion (sub-ppb) have been 
reached, without sacrificing the convenience of the analyti-
cal flame as an atomizer. The current work is concerned with 
the development of a theory and of a system for optogalvanic 
spectroscopy with both one- and two-step laser excitation, 
which has been used for studies of atomic species in flames. 
The LEI sensitivities for different elements vary several 
orders of magnitude. In order to reproduce these variations a 
theoretical study of the optogalvanic effect is needed. Such a 
study has been undertaken by Travis et al. 8 The process 
which the model is based upon is the increased ionization of 
the laser excited analyte atoms. A three-level model was 
used in order to calculate the LEI signal. 
We have developed a more general theoretical model 
for the LEI signal for both one- and two-step laser excitation. 
The importance of intermediate levels as well as levels lying 
below and above the levels of the laser transitions is empha-
sized. 
For elements with high ionization energies one-step la-
ser excitation gives low sensitivities. In two-step laser excita-
tion the atoms are ionized from a level lying closer to the 
ionization limit. Intuitively this increases the possibilities for 
detection of species with high ionization limits. The optogal-
vanic signal, however, is a complicated function of the exci-
tation energies, transition probabilities, and collision rates 
for the different transitions. Therefore, detailed calculations 
have to be performed before such conclusions can be drawn 
quantitatively. The theory presented here is supported by 
good agreement with experimentally determined sensitivi-
ties, which have been measured for a number of elements. 
II. EXPERIMENTAL TECHNIQUE AND PERFORMANCE 
A. One-step laser excitation 
Our experimental setup for one-step laser excitation is 
shown in Fig. 1. A Chromatix CMX-4 flash-lamp pumped 
tunable dye laser is used as a light source. The energy per 
pulse in the visible region is about 5 mJ and in the UV region 
about to f-lJ. The bandwidth is approximately 0.1 nm. The 
laser beam is directed into an air-acetylene flame, which is 
maintained at atmospheric pressure on a to-em-long single 
slot burner from a conventional atomic absorption spec-
trometer. A water solution that contains the element to be 
investigated, is aspirated into the flame. The temperature of 
the hottest region of the flame is assumed to be 2200 K. A 
pair of 35-mm-high stainless steel plates is placed parallel to 
the slot at a 20-mm distance from each other. The lower 
edges of the plates are about 25 mm above the burner head. 
The position of the laser beam is a few millimeters above the 
lower edges of the plates (well above the reaction zone). The 
plates act as cathodes and are maintained at a negative vol-
tage of 1000-2000 V with respect to the burner head. The 
laser-induced charge increase is collected at the burner head. 
The burner is connected to ground via a resistor. In order to 
observe the charge increase, due to the laser pulse, the vol-
tage across this resistor is measured with a specially designed 
preamplifier. The signal is forwarded into a boxcar, where it 
is averaged over 25 pulses. The laser pulse energy is moni-
tored for each measurement. The burner is surrounded by a 
grounded copper shielding in order to reduce the electrical 
interferences from the laser. With this setup sensitivity mea-
surements were performed for transitions in to elements in 
the wavelength range 290-3 to nm and for sodium at 589 nm, 
as shown in Table I. 
The variation of the optogalvanic signal with the laser 
pulse energy was studied for sodium. As can be seen from 
Fig. 2, the signal increases linearly over a broad range of 
laser intensities. When the optical saturation of the atomic 
transition is reached, further increase in the laser intensity 
does not significantly influence the population of the upper 
laser level and the optogalvanic signal remains constant. 
From this measurement we have calculated the deexcitation 
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collision rate from the 3p to the 3s level in sodium to be 
7 X 109 S - I. In the UV region no saturation effect was ob-
served. 
In these experiments the detected signals had approxi-
mately the same form and duration as the laser pulse. The 
laser pulse energy and the duration of the pulse were record-
ed for each transition and the optogalvanic signal together 
with its duration was measured. The signal was found to be 
proportional to the concentration of the analyte atom and-
apart from sodium- also to the laser pulse energy in the 
range of this investigation. The sensitivity was then defined 
- except for sodium - as a charge increase (fC) per laser 
pulse energy (,uJ) and concentration (ppm). 
B. Two-step laser excitation 
Stepwise photoexcitation was achieved using two sepa-
rate tunable dye lasers pumped simultaneously by a single 
N2 laser. The N2 laser was operated at a repetition rate of 10 
amplifier 
and 
filter 
pulses/so The two dye-laser beams were directed collinearly 
from opposite sides along the slot of the flame. The optical 
paths of the beams were of equal length. The laser induced 
current signals were monitored in the same manner as in the 
one-step laser excitation experiments. 
The purpose of the two-step excitation experiments was 
to investigate the enhancement of the optogalvanic signal 
when the second laser was introduced. The measurements 
were performed on sodium for np-ns and np-nd transitions. 
The laser power was controlled so that the measurements 
were performed only in the linear region. The enhancement 
of the signal was measured by comparing the two-step laser 
excitation signal with the one-step signal. In this way varia-
tions in the aspiration rate and atomization efficiency were 
effectively eliminated. In this case the optogalvanic signal 
was much longer (::::: 100 ns) than the laser pulse, since the 
charge could not be collected during the short laser pulse, 
which was 5 ns long. For each transition we measured the 
TABLE I. Optogalvanic spectroscopy by one-step laser excitation. Experimental and theoretical sensitivities. 
..!"exp I theory 
l:'h Element A (nm) flo E/(cm-') (fC/Ii] ppm) (fC/Ii] ppm) ~e)l,p 
Naa 589.0 I 41450 330000 1800000 5.5 
Mg 294.2 0.6 61071 0.22 0.004 0.019 
Cr 301.76 0.065 54670 1.1 23 21 
Mn 204.04 0.6 59960 2.2 0.35 0.16 
Fe 302.06 0.4 63700 0.87 0.12 0.14 
Ni 300.25 I 61579 0.25 3.4 14 
Cu 296.12 I 62317 0.06 0.97 16 
Ga 294.36 0.2 48388 108 21000 190 
In 303.94 0.6 46680 2200 40000 18 
TI 291.83 0.5 49264 370 320 0.87 
Bi 306.77 0.2 58970 6.5 10 1.6 
a In this measurement the transition was saturated and the signal/ppm was used for comparison without dividing with laser power since the signal was not 
linear to laser energy. 
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FIG. 2. Optogalvanic signal for sodium vs the laser pulse energy. The lower 
part of the figure shows the linear dependence of the signal upon the laser 
energy at low energies. The upper part demonstrates the optical saturation 
phenomenon. 
laser pulse energy and the bandwidth of the laser, one-step 
signal and two-step signal. The signals were monitored di-
rectly on an oscilloscope. The results are given in Tables II. 
III. CONSIDERATION ABOUT DIFFERENT 
CONTRIBUTIONS TO LEI SIGNALS 
There are a number of different processes which can 
contribute to the enhanced ionization rate in the flame when 
irradiated with laser light. 
After the analyte atom A has absorbed a photon and has 
been transferred into a higher lying state, A *, A + hv--A *, 
the subsequent increase in the ionization rate may be due to 
one or several of the following processes: 
(1) photoionization: A * + hv--A + + e-, 
(2) collisional ionization: A * + X *--A + + e- + X, 
(3) associative ionization: A * + X--AX + + e-, 
(4) energy transfer: A * + X __ A + X *, 
where X represents any species present in the flame. We shall 
now discuss these processes one by one. 
(1) Photoionization cannot be the predominant process, 
since the LEI signals would then have a quadratic depen-
dence on the laser power. We did not observe such a depen-
dence in this experiment. 
(2) If collision ionization takes place, the collision 
partner can be of three different kinds: (a) electron; (b) laser 
excited atom; (c) thermally excited atom or molecule. 
Electron collisions cannot provide the major contribu-
tion to the increase of the ionization rate, since the signal 
would then be linearily dependent on the electron concentra-
tion in the flame. This is not found to be the case. The elec-
tron concentration can be drastically increased by adding 
some easily ionized species, e.g., potassium or barium, to the 
flame. This is not followed by any significant increase of the 
LEI signal. 
Neither can collisions with laser excited analyte atoms 
provide the major contribution to the LEI signal, since this 
would give a quadratic dependence both on laser power and 
concentration, contradicting the experimental findings. 
Collisions with thermally excited atoms or molecules 
give the main contribution to the thermal ionization of alkali 
metals. 1 Since a nonalkali atom excited to a high lying state is 
reminiscent of an alkali atom, it is plausible that all laser 
excited atoms ionize in this manner, even though their ther-
mal ionization process might be different. 
(3) In the associative ionization the association partner 
cannot be an analyte atom, since this would lead to a qua-
dratic dependence on concentration. On the other hand, as-
sociative ionization where the partner is a molecule or an 
TABLE II. Sodium: experimental and theoretical enhancements, Xup' X 'heory' ofthe optogalvanic signal by the second-step laser excitation as compared to 
one-step signal. First step transition was 3s - 3p3I2: Al = 589 nm. 
Transition A2(nm) Xtheor Transition A2(nm) Xtheor Xexp X theor 
Xexp 
Xexp X thoor 
Xexp 
3p3/2 - 5s 616.1 500 373 0.75 3P3/2 - 4d 568.8 1600 2315 1.45 
3Pl/2 - 5s 615.4 120 186 1.55 3Pl/2 - 4d 568.3 1100 1167 1.06 
3p3/2 - 6s 515.3 145 71 0.49 3P3/2 - 5d 49S.3 656 453 0.69 
3PII2 - 6s 514.9 55 35 0.64 3p'/2 - 5d 497.9 328 229 0.70 
3P3/2 - 7s 475.2 72 43 0.60 3P3/2 - 6d 466.9 622 281 0.45 
3p'/2 - 7s 474.8 36 21 0.5S 3PII2 - 6d 466.5 327 142 0.43 
3P3/2 - Ss 454.5 SO 20 0.25 3P3/2 - 7d 449.S 400 104 0.26 
3PI/2 - 8s 454.2 26 10 0.39 3pI/2 - 7d 449.4 167 51 0.31 
3P3I2 - 9s 442.3 20 8.9 0.44 3P3/2 - Sd 439.3 280 23 0.OS2 
3pI/2 - 9s 442.0 11 4.3 0.39 3p'/2 - Sd 439.0 140 II 0.106 
3p3/2 - 13s 422.0 0.9 0.S2 0.91 3P3/2 - 13d 419.6 23 4 0.17 
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atom from the flame, is possible. Associative ionization is 
believed to be responsible for thermal ionization of alkaline 
earth atoms,Ll e.g., 
Ba + OH-+BaOH+ + e-. 
Such a process can also be a major contributor to LEI signals 
where alkaline earth atoms are excited, expecially for one-
step laser excitation when the excitation energy is not very 
high. 
(4) It is also possible that the analyte atom is not directly 
involved in the ionizing process. The atom could instead 
transfer its energy to a molecule in the flame. There are two 
distinct cases of how this energy could be used to increase the 
ionization rate: 
(a) The molecule to which the energy is transferred is 
ionized (selective ionization). 
(b) The molecule to which the energy is transferred 
gives away its potential energy to other molecules. This gives 
a temperature rise in a small volume around this molecule 
(local heating). The temperature rise obtained in this way is 
then followed by an increase of the ionization rate. 
It is reasonable to assume that process (b) is responsible 
for the accoustic signals, which were observed by Allen et 
a/. 14 We do not believe, however, that it is the major contri-
bution to the LEI signal, since the contribution from this 
process would depend only on the amount of energy ab-
sorbed from the laser beam. This is not the case. In a two-
step experiment the second step gives a much larger en-
hancement than is expected from this model, for sodium 
about 1000 times. On the other hand, process (a), where the 
molecule to which the energy was transferred is selectively 
ionized, is in agreement with the qualitative behavior of LEI 
signals. One example of this process is 
A * + CH-A + CH* 
CH* +O-CHO+ +e-. 
If in this example the CH molecule is excited to ~ 30 kK the 
second step is exothermic. 
Summarizing the discussion above, we see that there are 
basically three processes that could give major contributions 
to the LEI signal. 
(1) Collisional ionization where the collision partner is 
an atom or a molecule from the flame. 
(2) Associative ionization where the association partner 
is a flame atom or molecule. 
(3) Energy transfer followed by selective ionization. 
To estimate the effect of processes 2 and 3 is very diffi-
cult and would require detailed knowledge about the flame 
constituents. Process (1), on the other hand, can be treated in 
a more general manner. In this paper we shall develop a 
theoretical model for that process to be used to estimate its 
contribution for a number of elements. The results will be 
compared with the experimental results in order to deter-
mine whether this process might be the dominant one. 
IV. THEORETICAL MODEL 
A. Thermal ionization rate 
Even without any laser-induced transitions there is a 
certain ionization of atomic species in a flame due to colli-
3218 J. Appl. Phys., Vol. 55, No.9, 1 May 1984 
sions, and this thermal ionization rate has been determined 
experimentally in a number of cases. U This quantity consti-
tutes an important input in our calculations, and for that 
reason we shall begin our theoretical treatment by consider-
ing this process in some detail. 
At thermal equilibrium the atomic energy levels are 
populated according to Boltzmann's distribution law: 
ni cxg, exp( - E;lkT), (1) 
where Ei is the energy, gj the degeneracy of the level i, k the 
Boltzmann constant, and T the temperature of the system. 
We shall furthermore assume that all pairs of levels are in 
equilibrium (condition of detailed balance, see Fig. 3) 
12) 
where kij is the probability per unit time that a system in level 
i is transferred to levelj due to collisions (collisional transi-
tion rate). Together with Eq. (1) this leads to 
kij nj gj (Ei - Ej ) 
-=-=-exp , 
kj' ni gi kT 
(3) 
which relates the collisional excitation and deexcitation 
rates for any given pair of levels under the given assump-
tions. 
The ionization rate, i.e., the probability per unit time 
that the atom is ionized, is given by 
1 
P=-In,Pi, 
n tot i 
(4) 
where Pi is the ionization probability of level i and ntot the 
total number of atoms: 
Together with the Boltzmann law this gives 
1 P=- IPigj exp( -E;lkT), 
Z, 
where 
(5) 
(6) 
17) 
is the partition function. It is reasonable to assume that Pi is 
proportional to the Boltzmann factor between level i and the 
ionization limit, i.e., 
(8) 
. J--.....-------- nj 
. 
I • ----~----------~----ni 
FIG. 3. Illustration of the condition of detailed balance [Eq. \2)). 
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where (7 is the "normalized" ionization cross section. This 
gives together with Eq. (6) 
(9) 
The sums in Eqs. (9) and (6) diverge when we approach the 
ionization limit, and for that reason the formula has to be 
modified. The standard procedure is to cutoff the sums at 
some energy, 15.16 for instance, 
Ecutoff = Eion - kT, (10) 
which leads to 
(7 cutoff 
P=-exp( -Eion/kT ) L gi' Z i (lIa) 
and 
cutoff 
Z = L gi exp( - E;lkT). (lIb) 
The procedure we shall employ - as further described in 
Sec. V - is to determine the normalized cross section (7 from 
the thermal ionization rate without laser excitation, which is 
known experimentally from some elements. This value will 
then be used to calculate the ionization rate with laser excita-
tion. Although the value of (7 will depend strongly on the 
cutoff point, it follows that the laser-enhanced ionization 
rate will be quite insensitive to that choice. 
B. Effect of a laser transition upon the ionization rate 
We shall now investigate how the ionization rate is af-
fected by a single laser transition between two levels of the 
system, and we consider first a simple three-level system, 
indicated in Fig. 4. Here, the laser transition takes place 
between the levels 1 and 2, and we shall consider the effect of 
this transition upon an arbitrary level i above the upper laser 
level. This simple three-level system can easily be solved ex-
actly, provided all parameters are known. We shall find it 
more convenient, however, to introduce a few quite natural 
approximations right from the beginning. We shall assume 
the following: (1) that the spontaneous emission rates are 
small compared to the collisional deexcitation rates; (2) that 
the collisional excitation rates are small compared to the la-
ser-induced transition rates; (3) that the collisional excitation 
rate from level 1 to level i is small compared to that from 
level 2 to level i (k Ii <k 2i ). 
All these assumptions are well justified. The collisional 
Ai2 ki2 k2i kli 
2 
B,2~2 Bz,~2 A21 An k21 kil k12 
1 
FIG. 4. Transition processes in the three-level system. The laser transition 
takes place between levels I and 2. A represents the spontaneous decay and k 
the collisional-induced transitions. 
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deexcitation rates in a flame are typically in the range 109_ 
1010 Hz, which is at least one order of magnitude faster than 
the spontaneous emission rates. We assume that the energy 
separation of the three levels is >kT, in which case the colli-
sional excitation rates are considerably reduced compared to 
the deexcitation rates according to Eq. (3). In such a case 
very little laser power is needed in order to fulfill the condi-
tion (2). Condition (3) is also a consequence ofthe assumption 
about the energy separation. 
With the assumptions introduced here the only pro-
cesses that have to be considered for the three-level system 
are those shown in Fig. 5. Then the population ofthe levels 
will change according to the following rate equations: 
dn 
-' = n2 k2i - ni(kil + k i2 ), dt 
dn2 = n l B12 112 - n2(k21 + B21 Id + ni k,"2' dt 
(12a) 
(12b) 
(12c) 
Here, kij is the collisional transition rate from level i to j, 
BdB2tl the Einstein coefficient for absorption (stimulated 
emission), related to the coefficient of spontaneous emission 
(A 21 ) by 
B21 = gl B12 = A2l"t 3 , (13) 
g2 2hc 
and 112 is the spectral irradiance of the laser light. 
At equilibrium we have 
dni dn2 
-=-=0, 
dt dt 
(14) 
and the rate equations become population balance equa-
tions, which we can easily solve. 
We assume for the time being that the level i is well 
above the upper laser level (energy separation >kT), in 
which case we can neglect the population of that level com-
pared to the laser levels. (Later we shall relax this restric-
tion.) We then find from Eq. (12b) 
n2 _ Blzl12 
n l - k21 + B21I 12 ' 
(15a) 
and 
.!!.L;::;; n2 _ Blzl12 
ntot n l + n2 - k21 + (B12 + B21 )I12 , 
(15b) 
ki2 k2i 
2 
812112 ~1112 ~1 ki1 
1 
FIG. 5. Remaining processes considered in our treatment of the three-level 
system. 
Axner etal. 3219 
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or, using the relation (13) between the B coefficients, 
!!:.1.... B12I12 
n
,o, k21 + (1 + ;JBI2I12 ( 16) 
We shall now compare this laser-enhanced (LE) population 
oflevel2 with that of thermal equlibrium (TH), without any 
laser-induced transition. According to Eq. (1) we have in the 
latter case 
( n2 ) (n2) = g2 exp( _ LJ.E IkT), (17) n
,o' TH ;:::: ;; TH gl 
whereLJ.E = E2 - E I • 
The laser-enhancement of the population of level 2 is 
then given by the ratio 
(~)LE 
C~:JTH 
B12I12 gl exp(LJ.E IkT) 
g2 
k21 + (1 + ;JB12I 12 ( 18) 
Next we consider the population of the high-lying level 
i. From Eq. (12a) we get 
(19) 
or, using the relation (3) between the collisional rates k2i and 
ki2' 
(!2) = ki2 (gi exp E2 - Ei) 
n2 LE kil + ki2 g2 kT' (20) 
The second factor (within the second parenthesis), however, 
is just the corresponding ratio without the laser, giving 
CJLE = k il : ki2 CJTH' (21) 
Thus, the first factor represents the deviation from thermal 
equilibrium between the levels 2 and i due to the included 
laser transition. The reason for this deviation is that level i 
has two decay channels - to levels 1 and 2 - but only one 
important population channel - from level 2. (It should be 
remembered that we have assumed that the laser-induced 
transition rate is much faster than the collisional excitation 
rates.) 
By combining the results [Eqs. (18), (20), and (21)], we 
find that the laser enhancement of the population oflevel i is 
given by 
B 12I 12
g1 
exp(LJ.ElkT) 
g2 (22) 
Apart from a possible variation in the collisional transition 
rates, this expression is the same for all levels (i) well above 
the upper laser level (Ei - E 2>kT). Therefore, this is also an 
approximate expression for the increase in the ionization rate 
3220 J. Appl. Phys., Vol. 55, No.9, 1 May 1984 
due to the laser-induced transition. It follows from Eq. (11) 
that most of the ionization rate comes from levels close to the 
ionization limit. Therefore, the increase in the ionization 
rate due to laser transitions between levels I and 2 is well 
represented by the expression 
( dnion ) dt LE 
(~) dt TH 
B12I12~ exp(LJ.E IkTJ 
g2 (23) 
where kil and ki2 represent the collisional deexcitation rates 
from a level i close to the ionization limit to the lower and 
upper laser levels, respectively. 
It should be emphasized that the treatment presented so 
far is based upon the assumption that there are no additional 
energy levels below or close to the laser levels. If this assump-
tion is fulfilled, the expression above should be reasonably 
accurate - provided the ionization process we have as-
sumed is the dominating one. In order to be able to make any 
sensible comparison with experimentally determined ioniza-
tion rates, however, it is necessary to take into account also 
the existence of additional energy levels, not involved in the 
laser transition. We shall see that the existence of such levels 
can change the theoretical predictions quite dramatically. 
c. Effects of intermediate levels 
We consider first the situation illustrated in Fig. 6 with 
one intermediate level (I), well separated from the laser lev-
els. We shall return to more general situations later. 
Using the same kind of approximations as before, we 
obtain the following rate equations: 
dn 
-it = n2k21 - ni(k i2 + kif + kil ), 
~t2 = n lB 12I lz - n2(k 21 + k21 + B2 / IZ )' 
dn f dt = nzk 21 - n f k f I , 
(24a) 
(24b) 
(24c) 
(24d) 
At equilibrium the relative population of the upper laser lev-
el will then be 
ki2 k2i 
2 
B12112 
t kil ~I 
I --- -- --- -- - - ~ - ---
~1112 k21 kl1 ki1 
1 
FIG. 6. Processes considered in the three-level system with intermediate 
levels (/). 
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(25) 
k21 + k21 + (1 + gl + k21)BI2112 
g2 kll 
This should be compared with the corresponding relation 
(15b) without any intermediate level. From this comparison 
we see that the population of the upper laser level is reduced 
by the presence of the intermediate level- in the linear,low-
power region as well as in the saturated, high-power region. 
For the high-lying level i we find from Eq. (24a) 
( dn ion ) dt LE 
( dn ion ) dt TH 
(26) 
B12112g1 exp(.JE IkT) 
g2 
The arguments presented here can easily be extended to 
the situation with several intermediate levels. By summing 
over all these levels we obtain, instead of Eq. (24c), 
d 
- .I n/ = n2 .I k21 - .I n/ k/l' (29) dt I I f 
Assuming that all k II are equal (independent of I), this leads 
at equilibrium to 
l: k21 
.InJ =n2 --. (30) k/l 
Thus, the total population of the intermediate levels is the 
same as if there were a single intermediate level with the 
collisional deexcitation rate from the upper laser level equal 
to l:k21 . We then find that Eq. (28) is still valid, provided k21 
and kif are replaced by the corresponding sums over I. 
The results obtained here show that the presence of in-
termediate levels can have a drastic effect on the ionization 
rate and that a simple three-level model may overestimate 
this rate considerably. If the number of intermediate levels is 
2 
I 
~2112 
- - - -I- - - 1-- - - -
Sztl12 
1 L 
------.-.;/ 
FIG. 7. Energy levels of the system treated in the Appendix. U represents 
levels close to the upper laser level and L levels close to or below the lower 
laser level. 
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which, in analogy with Eq. (21), can be expressed 
(27) 
Thus, we see that the equilibrium between the upper laser 
level and the levels close to the ionization limit is also affect-
ed by the intermediate levels. 
Combining the results [Eqs. (25) and (27)] with the pre-
vious results without intermediate levels [Eqs. (16) and (21)], 
we find that the laser enhancement of the ionization rate is in 
the present case 
I 
(28) 
large, then the enhancement factor decreases approximately 
quadratically with this number. Thus, with 100 intermediate 
levels, which is not unusual, the simple three-level model 
may overestimate the enhancement factor by as much as 104 • 
So far we have assumed that there are no levels below 
the lower laser level and that all levels are well separated 
from the two laser levels (compared to kT). A more general 
system, for which these restrictions are relaxed, is illustrated 
in Fig. 7. This system is treated in the Appendix, and we shall 
here only give the final result. The enhancement of the ioni-
zation rate for this system is found to be [Eq. (A 15)] 
( dn
ion ) 
dt LE 
( dnion ) dt TH 
where 
Bl~l2gl exp(.JE IkT) 
g2 
C·D 
In the low-power limit this reduces to 
( dn ion ) dt LE B 12112
g1 
exp(.JElkT) 
g2 
(31) 
( dnion ) dt TH (
k + k + k )k'"2 + kiU + kif + kiJ + kiL ' 
21 21 2L k 
1"2 
(32a) 
and in the high-power limit to 
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( dn;on) dt LE 
~ exp(.1E /kTI 
gz (32b) 
( dn.
on ) 
dt TH (
g! nz + k2! + k21 + k2L 
gz nz+nu kfl +kJI. 
n I ) k n + k iU + kif + k n + kiL ' 
n 1 + n f • ki2 
These equations will be used in the following section in com-
paring the experimental and theoretical results for the one-
step process. Before we make this comparison, however, we 
shall derive some formulas also for the two-step process. 
D. Two-step process 
We consider now a process with two different laser 
transitions and an energy level system illustrated in Fig. 8. 
For simplicity, we assume that the first laser transition is 
saturated, in which case we get from Eq. (25) 
(33) 
neglecting the populations above level 2. 
Assuming that the second laser is far from saturation, 
I 
I 
we get from an equation analogous to Eq. (24b) 
( n3) B23123 
nz LE k3! + k,z + kJJ' + k,J'" 
(34) 
and, furthermore, in analogy with Eqs. (21) and (27) 
k n + ki2 + k i3 + kif' + kif 
kiJ (n ) 
-k-il-+-k-I-'2-+-k-i-3 -+-k-il-·-+-k-il-" n: TH' 
(35) 
The relative population of level 3 without any laser transi-
tion at all is, as before, given by Eq. (3), 
(!!.l) ~(n3) = g3 exp E! - E3 n tot TH ~ n! TH gl kT (36) 
By combining these results, we find that the laser enhance-
ment of the ionization rate in this two-step process becomes 
( dn;on) 
g E-E B 1 -.!. exp 3 ! 
dt LE 23 23 kT g3 (37) 
( dn;on) dt TH 
As before, a summation can be performed over the in-
termediate levels l' and 1". 
Let us now compare the result [Eq. (37)] of the two-step 
process with the result [Eq. (28)] of the one-step process. 
With saturation in the latter case we have the enhancement 
factor 
g E-E 
-.!. exp 2 I 
FI = g2 kT , (38) 
( g! k2I' ) ( kil + kif') 1+-+-- 1+---gz kJ'l k12 
3----~----~----
1/ 823123 1---- ----1-----
832123 
2-----4----+-----
812112 1'----- ---- -----
1 
FIG. 8. Energy levels in-
volved in the treatment of 
the two-step laser-excita-
tion process. I' and I" rep-
resent intermediate levels 
between the levels involved 
in the laser-induced transi-
tions. 
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I 
which implies that the additional enhancement factor due to 
the second step is 
B 1 g2 exp E3 - E2 
23 23 kT 
F - g3 2-
( 
ki3 + kif" ) ki2 (k 31 + k32 + k3J' + kw) 1 + -
kil + ki2 + kif' k i3 
(39) 
Since the number of intermediate levels can be quite large for 
the second laser excitation (1 "), we see that it is here particu-
larly important to consider the effect of these levels. The 
enhancement factor F2 decreases essentially quadratically 
with the number of intermediate levels, as does FI with the 
number oflevels in the first interval (1'). 
v. COMPARISON BETWEEN THEORY AND 
EXPERIMENT 
We consider first the one-step process in the low-power 
limit, where most of our experiments have been performed. 
Here, we take Eq. (32a) as the basis for the calculation, and 
we see that the following quantities have to be estimated: 
( dn ) ( 1) the thermal ionization rate ~ , dt TH 
(2) the quenching rate k21 + k21 + k 2L , 
k iU + kif + kjJ + kiL (3) the collision-rate ratio --------
ki2 
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We shall now consider these points one by one. 
(1) For the alkali atoms Miller13 has determined the 
thermal ionization rates in a H2/02/N2 flame at 2250 K to 
be 
Na: 7.2 Hz, 
K: 280Hz, 
Cs: 4000Hz. 
He has also determined the temperature dependence of these 
ionization rates and found that it can be described by an 
Ahrenius factor with an activation energy very close to the 
ionization energy, as expected [see Eq. (I1a)]. Taking the 
activation energy to be equal to the ionization energy, we can 
write the thermal ionization rates as 
Na: 2.3 X 1012 exp( - EionlkT) Hz, 
K: 1.5 X 1012 exp( - EionlkT) Hz, (40) 
Cs: 2.1 X 1012 exp( - EionlkT) Hz. 
These elements ionize predominantly through collisions. 
Since the preexponential factor is almost the same in all three 
cases, we assume that the rate of thermal ionization through 
collisions is for all elements given by the expression 
( dn ion ) = 2x 1012 exp( - EionlkT) Hz. (41) dt TH 
(2) As mentioned in Sec. II A we have determined the 
quenching rate for sodium in the 3p level to be about 7 GHz 
at our experimental conditions. In order to see that this is a 
reasonable value for other elements, we make the following 
simple consideration. Since the energy separations are of the 
order of electron volts, a simple argument based on Ref. 17 
shows that a quenching collision takes place if the atom is at 
a distance of 5 A from a flame molecule. This would lead to a 
quenching rate of 3 GHz at a temperature of 2250 K, which 
is in reasonable agreement with the value 7 GHz found for 
sodium. Therefore, lacking any more detailed information 
we shall use the latter value for all elements we investigate. 
(3) For the collision rates involved in the ratio there are 
no values available in the literature. Therefore, we make the 
assumption that this ratio is equal to the corresponding ratio 
of the degeneracies of the final states, i.e., 
k iU +ki/ +kil +kiL gu +gI +gl +gL (42) 
With the assumptions above we can rewrite Eq. (32a) as 
( dn
ion ) 
dt LE 
_ 2x 1012 B I gl 
- 7x 109 12 12g1 + gL + gI + g2 + gu 
(
t1E -Eion) Xexp . 
kT 
(43) 
This rate has to be multiplied by the pulse duration time t1t 
in order to give the accumulated ion fraction for each laser 
pulse. This will now be compared with the corresponding 
experimental results. 
We consider the following expression for the LEI signal 
3223 J. Appl. Phys., Vol. 55, No.9, 1 May 1984 
S(C)=rpK1]/3a Ca NA e AL (nion) , 
Ma V ntot LE 
(44) 
where rp is the aspired volume per unit time, K the efficiency 
of the nebulizer, 1] the collection efficiency of the electrodes, 
/3a the degree of atomization for element a, Ca the concentra-
tion of element a in the water solution, NA Avogadro's num-
ber, Ma the mass of the analyte atom in atomic mass units, e 
the electron charge, A the area of the laser beam, L the length 
of the flame, and V the volume that the aspired solution is 
spread out during the unit time. 
Since the flame conditions are independent of the ana-
lyte atom, we can rewrite the expression as 
Q /3a (nion) SIC) = H,I ppm Ca"if -- , 
a ntot LE 
(45) 
where QH,I ppm is the electric charge available for an analyte 
atom of unit mass at the concentration of 1 ppm and com-
plete atomization. QH,I ppm is estimated to be 1.0 J.LC with 
rp = 0.1 ml/s, K = 0.1, 1] = 1.0, L = 0.1 m, A = 10-5 m2, 
and V = 10-3 m3 Is. 
The uncertainty in this factor may be as large as a factor 
2-5, mainly due to difficulty in estimating K and V. It should 
be noted that in the linear region any error in the determina-
tion of the beam area is cancelled by a corresponding error in 
the determination of the laser irradiance I. 
The LEI signal is proportional to the concentration of 
the analyte atom and-in the low-power limit-to the laser 
pulse energy. Therefore, we can define the sensitivity to be 
the signal (S) divided by the concentration (Ca ) and the laser 
pulse energy (E L ), 
.I = _S_. (46) 
Ca EL 
In the case of sodium we have to apply Eq. (32b)-high-
power limit. The only additional factor that has to be evalu-
ated in this case is n2/(n2 + n u), since there are no intermedi-
ate levels and no levels below or close to the lower laser level 
(nL = nI = 0). The fine-structure levels 3p3/2 and 3PI/2 mix 
very fast, which gives us the relation 
n2 g2 
n2 + nu g2 +gu 
(47) 
Using the value for the thermal ionization rate given before, 
we then get for sodium 
( dn
ion ) =2XlO12 gl(g2+gu) 2 exp (t1E-EiOn ). 
dt LE (gl+g2+gU) kT 
(48) 
In this case the signal is independent of laser power and we 
define the sensitivity as the signal divided by the concentra-
tion 
S 
.I=-. (49) 
Ca 
The experimental and theoretical results are given in Table I 
and illustrated in Fig. 9. 
For the two-step process we consider the enhancement 
factor due to the second step, which is given by Eq. (39). For 
the quenching rate, k31 + k32 + k3I' + k3I" we use the same 
value as in the one-step process, namely, 7 GHz. For the 
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~n 
• Fe Cr • 
• Mg 
CUe 
FIG. 9. Comparison between experimental and theoretical sensitivities for 
one-step optogalvanic detection. 
collision rate ratio in the denominator of the equation we 
assume as before that it can be replaced by the corresponding 
ratios of the degeneracy factors. 
This gives us the enhancement factor 
B 1 ( E3 -E2) 23 23 exp kT 
F2 = ------------
7X 109 (1 + g3 + gr ) g2 
g, +g2 +g[" g3 
(50) 
The experimental and theoretical values of this factor are 
given in Table II. 
VI. DISCUSSION AND CONCLUSION 
As can be seen from the results given in Table I for one-
step laser excitation the overall agreement between theory 
and experiment is in most cases reasonably good. It should 
be pointed out that the theorectical model used here for the 
sensitivity calculations is nonparametrized. The only as-
sumptions made concern certain collision rates and the ther-
mal ionization rate, as discussed earlier in the previous sec-
tion. 
The results for sodium in one-step excitation give a par-
ticularly good check of the applicability of the theorectical 
model used here. There are no intermediate levels in this 
case, which make the calculations less uncertain. 
For other elements in the table the model is more uncer-
tain, since the level schemes are much more complicated and 
the collision rates involved are to a large extend unknown. In 
view of these facts a deviation of one order of magnitude 
between theory and experiment must then be considered as 
acceptable. The results indicate quite strongly that the colli-
sion ionization, where the collision partner is a molecule 
from the flame, is the dominant process for LEI signals for 
most of the elements investigated here. For some elements, 
however, the disagreement between theory and experiment 
is too big to be accounted for only due to the assumptions 
made in the model. For magnesium we believe that some 
3224 J. Appl. Phys., Vol. 55, No.9, 1 May 1984 
other process, such as associative ionization, gives the main 
contribution to the LEI signal. In the case of gallium the 
theory overestimates the signal very strongly, which is more 
difficult to explain. 
In the two-step process we considered only the en-
hancement due to the second step excitation. This eliminates 
several of the uncertainties connected with the calculation of 
the magnitude of the one-step signal. As can be seen from 
Table II the calculated values agree in this case with the 
observed ones within the factor of 5 for all states, which must 
be regarded as satisfactory. This gives further support of the 
theoretical model used in this work . 
APPENDIX 
In this Appendix we shall derive the complete equa-
tions for the one-step process when we take into account the 
effect of intermediate levels as well as levels close to the laser 
levels and below the lower laser level. 
We consider the situation illustrated in Fig. 7. The laser 
transition takes place between the levels 1 and 2 and in addi-
tion there is a number of levels close to or below the lower 
laser level (L ), close to the upper laser level (U), and well 
separated intermediate levels (1). Furthermore, we consider 
one arbitrary level (i) well above the upper laser level. 
With the three assumptions concerning the transition 
rates introduced in Sec. IV B and using notations analogous 
to those used in the text, we obtain the following rate equa-
tions: 
dnu 
-- = n 2 kw - nU(kU2 + kU/ + ku, + k UL ), dt 
dn[ 
- = n2 k2/ + nu kU/ - n[(kll + kIL)' dt 
~' = n2(B1/'2 + k2d 
(AI) 
(A2) 
(A3) 
(A4) 
+nu ku, +n[ kll +nL kL' -n,(B I2112 +k'L)' 
(A5) 
dnL 
Tt=nZk2L +nu kUL +n[ kIL +n, k'L -nL k L ,·(A6) 
We assume that steady state is reached, so that all derivatives 
are equal to zero. 
Assuming that the collisional rates only depend on the 
final state-i.e., kij = ktj-we get from Eg. (A6) 
(n2 + nu + n[ + nd k'L = nL kL ,. 
According to the condition of detailed balance [Eg. (2)] the 
ratio kLllk'L is equal to the population ratio (n/nL)TH at 
thermal equilibrium (without laser). Thus, we have 
n2+nU
n
:n[+n 1 =(:~)TH' (A7) 
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From Eq. (A3) we get 
n2k ZU - nu kU2 = nu(kw + kUI + kud, 
and inserting this into Eq. (A2) gives 
n l BJ2 I 12 - nU(kUI + kUI + k UL ) 
- n2(k2I + k21 + k2L + B 21I 12 ) = 0, 
or, again assuming that the collisional rates depend only on 
the final state, 
(AS) 
From Eq. (A4) we get with the same assumption 
-k-
I
-
I 
k_~_I_k-/L- ( 1 + :: ). (A9) 
From these equations we get the following relative popula-
tions 
(AlO) 
and 
ntot = n l + n2 + nu + n[ + nL 0:: (k21 + k2/ + k 2L ) 
+ (1 + ku ) (1 +~) B 12112 ]. k/1 + kIL n2 (All) 
At thermal equilibrium we have according to Eq. (2) 
n l g2 exp( -.LiE IkT), 
n] + nL g] 
(AI2) 
which together with Eqs. (AlO) and (All) gives the laser 
enhancement of the population oflevel2: 
B 12I I/ 1 exp(.LiE /kT) 
g2 (A13) 
From Eq. (AI) we then get 
k2i(1 +~) 
n i n2 
-= , 
n2 k,2 + k;u + ka + kiJ + kiL 
or with 
(AI4) 
By combining the results [Eqs. (A13) and (AI4)] we obtain 
the laser enhancement of the population of level i, which we 
assume to be equal to the enhancement of the ionization rate 
according to the discussion in the text: 
(dn;on) dt LE 
(dn;on) dt TH 
where 
B 12I 12
g1 
exp(.LiElkT) 
g2 
C·D 
C=k21 +ku +k2L 
(AIS) 
+ _ + I B l zi12' (
g I n2 k21 + k2/ + k2L n ) 
g2 n2 + nu kIl + k/L n l + nL 
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I 
and 
D = ki2 + k;u + ka + kiJ + kiL 
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